Protein tyrosine phosphatase 1B (PTP1B) counteracts leptin signaling and is a therapeutic target for obesity and diabetes. Here we found that LIM domain only 4 (LMO4) inhibits PTP1B activity by increasing the oxidized inactive form of PTP1B. Mice with neuronal ablation of LMO4 have elevated PTP1B activity and impaired hypothalamic leptin signaling, and a PTP1B inhibitor normalized PTP1B activity and restored leptin control of circulating insulin levels. LMO4 is palmitoylated at its C-terminal cysteine, and deletion of this residue prevented palmitoylation and retention of LMO4 at the endoplasmic reticulum and abolished its inhibitory effect on PTP1B. Importantly, LMO4 palmitoylation is sensitive to metabolic stress; mice challenged with a brief high-fat diet or acute intracerebroventricular infusion of saturated fatty acid had less palmitoylated LMO4, less oxidized PTP1B, and increased PTP1B activity in the hypothalamus. Thus, unleashed PTP1B activity attributable to loss of LMO4 palmitoylation may account for rapid loss of central leptin signaling after acute exposure to saturated fat.
Introduction
Leptin is a peptide hormone produced by adipocytes in proportion to the extent of adiposity (Zhang et al., 1994; Frederich et al., 1995) . Leptin receptors are present on many cells, but the main homeostatic effect of leptin occurs via neurons of the mediobasal hypothalamus (Lee et al., 1996; Woods and Stock, 1996) . Central leptin signaling regulates metabolism by suppressing feeding and increasing energy expenditure, promoting lipolysis and thermogenesis (Ahima and Flier, 2000) . Central leptin also regulates glucose homeostasis by enhancing hypothalamic insulin signaling important to control hepatic glucose production (Morton et al., 2005; Koch et al., 2010) and increasing sympathetic outflow to peripheral tissues, including the adrenal gland and pancreas, to suppress insulin secretion (Frohman and Bernardis, 1971; Bloom and Edwards, 1975) .
In diet-induced obesity, circulating leptin levels are elevated (hyperleptinemia) but the central response to leptin is defective, a phenomenon known as leptin resistance (Frederich et al., 1995) . Leptin signals through receptors that couple to the tyrosine kinase Janus kinase 2 (JAK2) that phosphorylates and activates the transcription factor signal transducer and activator of transcription (STAT3). Suppressor of cytokine signaling 3 (SOCS3) and protein tyrosine phosphatase 1B (PTP1B) are two endogenous inhibitors of leptin signaling. SOCS3 binds and inhibits the JAK2 kinase (Bjørbaek et al., 1999) , whereas PTP1B dephosphorylates and inactivates JAK2 (Zabolotny et al., 2002) . Both SOCS3 and PTP1B levels are increased in mice with long-term high-fat diet (HFD)-induced obesity (Münzberg et al., 2004; White et al., 2009 ) and contribute to the loss of leptin signaling. PTP1B is also dynamically regulated by oxidation of its catalytic domain that suppresses its phosphatase activity (Mahadev et al., 2001; Meng et al., 2002) . Whether this mechanism also contributes to loss of leptin signaling in diet-induced obesity resulting in insulin resistance has not been explored.
The LIM domain only 4 (LMO4) protein contains two LIM domains, each consisting of two zinc finger motifs. LMO4 is expressed in neurons but not in glia (Chen et al., 2007b) . LMO4 works as a transcription cofactor in the nucleus (Visvader et al., 2001 ; Duquette et al., 2010) , as well as a signaling modulator at the plasma membrane (Novotny-Diermayr et al., 2005; Chen et al., 2007b; Schock et al., 2008; . Previously, we reported that mice with neuron-specific ablation of LMO4, CaMK2␣Cre/LMO4flox (hereafter called LMO4KO) mice, develop early-onset adiposity attributable to reduced sympathetic outflow to adipose tissue, progressing to hyperphagia and obesity . These mice have impaired leptin-dependent STAT3 activation in the hypothalamus, although the mechanism for this deficit was not known. Here, we report that LMO4KO mice are also insulin resistant, have impaired glucose homeostasis, and develop hyperglycemia attributable to impaired central leptin signaling that fails to lower circulating insulin levels. The mechanism whereby LMO4 regulates leptin signaling appears to work through a direct interaction and inhibition of PTP1B. Furthermore, we found that this interaction and inhibition is regulated by palmitoylation of LMO4, a process that is inhibited by elevated saturated fatty acid. These findings suggest that LMO4 is a novel endogenous inhibitor of PTP1B and a metabolic sensor that controls central leptin signaling and glucose homeostasis.
Materials and Methods
Animal care. All procedures were approved by the animal care and use committee of the University of Ottawa (Ottawa, Ontario, Canada). LMO4KO mice (CaMK2␣Cre/LMO4flox mice) were bred in a CD1 background as described previously (Schock et al., 2008; Qin et al., 2012; Zhou et al., 2012) . HFD consisted of 60% kilocalories from fat (TD.06414 Adjusted Calories Diet; Harlan Laboratories) fed to the mice starting at 2 months of age for 7 d. In all studies, male mice were used. For paired feeding, mice were housed individually from the age of 9 to 17 weeks. Each day, LMO4 mutant and littermate control mice were provided the average amount of food consumed by age-matched control mice. Mice were fed twice daily: one-third of food was given at 9:00 A.M., and twothirds were given at 5 P.M. to ensure that mice never underwent long periods of fasting.
Intracerebroventricular infusion. Anesthetized mice were placed in a stereotactic apparatus. The sagittal sinus was displaced laterally, and a 21 gauge stainless-steel guide cannula (Plastics One) was lowered directly on the midline, 1.7 mm posterior to the bregma and 5.6 mm ventral to the dura, and fixed to the skull with anchor screws and dental acrylic. Leptin (10 g) was infused over 7 d to the third ventricle by an osmotic minipump (Alza Corporation). Some mice received a single-dose (30 g/kg weight in 1 l) intracerebroventricular injection of trodusquemine (Ahima et al., 2002; Lantz et al., 2010) or vehicle (saline) immediately before leptin pump installation. Palmitic acid (1 l of 500 nM; Sigma) prepared as described previously (Listenberger et al., 2001) or vehicle was stereotactically injected to the third ventricle.
Glucose tolerance test. Mice fasted overnight (ϳ16 h) with access to water ad libitum were tested at 10:00 A.M. Basal blood glucose sampled from the saphenous vein was measured using a standard glucometer before and after mice receiving a glucose bolus (2 g/kg body weight of 20% D-glucose) by intraperitoneal injection.
Insulin tolerance test. Mice were fasted for 4 h before the insulin tolerance test (ITT), performed between 2:00 P.M. and 5:00 P.M. Human recombinant insulin (catalog #91077C; Sigma), diluted in sterile saline was administered by intraperitoneal injection at 0.75 U/kg. Blood glucose levels were monitored as described above.
Blood pressure measurement. Mice underwent 1 week of habituation to the tail-cuff apparatus (P-2000 Blood Pressure Analysis System; Visitech Systems), after which basal arterial pressure and pulse rate were sampled 10 times per day for a total of 3 d and averaged for the final results.
Norepinephrine turnover assay. The norepinephrine turnover (NETO) assay was performed as described previously .
Acute hypothalamic slice wedges and leptin response. Three 400 m coronal vibratome sections from bregma Ϫ1.1 to Ϫ2.3 mm were obtained per mouse, and square hypothalamic wedges were removed, incubated in aCSF at room temperature for 20 min and at 37°C for 1 h, followed by leptin (62.5 nM) treatment for various times, as indicated. For each time point, six hypothalamic wedges were pooled from two mice (containing all three hypothalamic wedges per mouse to avoid rostrocaudal variation).
Cell culture and transfections. F11 neuronal cells were maintained and transfected using Lipofectamine2000 (Invitrogen) with LMO4 wild-type (WT) or ⌬C165 mutant cDNA or control scrambled shRNA or LMO4-specific shRNA expression vectors as described previously (Chen et al., 2007a,b; Duquette et al., 2010; . The Flag-LMO4 WT and ⌬C165 were generated by PCR amplification from the pcDNA3-mLMO4 with primers (forward, 5Ј-AAGCGGCCGCAATGGT GAATCCGGGCAGCA-3Ј; WT reverse, 5Ј-CTTATCTAGAAGCTTTCA TCAG-3Ј; ⌬C165 reverse, 5Ј-CTTATCTAGAAGCTTTCAGCAG-3Ј), and the amplified cDNA fragments were digested with restriction enzymes NotI and XbaI and subcloned into the pFLAG-CMV2 vector. The yellow fluorescent protein (YFP)-tagged PTP1B D/A mutant was a gift from Dr. Tarik Issad (Institute Cochin, Paris, France).
Palmitoylation assay. This assay was performed according to a biotin exchange protocol (Drisdel et al., 2006) , kindly provided by Dr. William Green's laboratory (University of Chicago, Chicago, IL).
Modified cysteinyl-labeling assay to detect reversible oxidation of PTP1B. The assay was performed as described by Boivin and colleagues (Boivin et al., 2008; Boivin and Tonks, 2010) .
Endoplasmic reticulum and nuclear and cytosolic fraction extraction. Endoplasmic reticulum (ER) fractions were obtained from stimulated (as indicated) F11 cell lysates using Endoplasmic Reticulum Enrichment Kit (catalog #10088K; Imgenex) according to the protocol of the manufacturer. Nuclear and cytoplasmic cell fractions were obtained as described previously (Chen et al., 2007a) and used for immunoblot analysis, as indicated.
PTP1B phosphatase activity assay. PTP1B phosphatase activity was measured with the PhosphoSeek PTP1B Assay Kit (BioVision) in extracts from hypothalamic wedges or F11 cells according to the instructions of the manufacturer with PTP1B enzyme and phosphatase inhibitor as positive and negative controls, respectively.
GST pull-down, immunoprecipitation, and immunoblot analyses. F11 cells transfected with Flag-LMO4 together with GST-PTP1B WT or a substrate-trapping mutant in which the acidic residue aspartate 181 is replaced by an alanine (D181A, D/A) [gifts from Dr. Michel Tremblay, McGill University, Montreal, Quebec, Canada (Stuible et al., 2008) ] were harvested in lysis buffer and pulled down with glutathione beads according to the protocol of the manufacturer (Invitrogen). To detect oxidized PTP1B (oxi-PTP1B), PTP1B was immunoprecipitated with rabbit anti-PTP1B antibody (Cell Signaling Technology) conjugated to protein G-Sepharose and immunoblotted against a mouse antibody specific to oxi-PTP active site (R&D Systems). Antibodies specific to phosphorylated (Y705) STAT3, phosphorylated (Y1007/1008) JAK2, STAT3, and JAK2 were obtained from Cell Signaling Technology. Mouse monoclonal anti-emerin antibody (AG45; Abcam) labeled the nuclear fraction, and calnexin antibody (AF18; Santa Cruz Biotechnology) labeled the ER fraction. Immunoblots were performed as described previously (GomezSmith et al., 2010) , and an average of three blots were quantitated using NIH ImageJ software.
Statistical analyses. All results are expressed as mean Ϯ SEM and analyzed using SPSS Software (IBM). For between-group comparisons, a two-tailed unpaired Student's t test was used. For multiple comparisons, ANOVA with post hoc least significant difference test was used for between-group comparisons. p Ͻ 0.05 was considered significant.
Results

Impaired glucose homeostasis in LMO4KO mice
LMO4KO mice have a deficit in central leptin signaling associated with early-onset adiposity by 2 months of age. These mice become hyperleptinemic, hyperphagic, and obese by 4 months of age when fed regular chow . Because adiposity and loss of central leptin signaling are associated with impaired glucose homeostasis (Morton and Schwartz, 2011), we asked whether LMO4 mutant mice are insulin resistant and diabetic.
The response to a glucose tolerance test (GTT) was normal at 2 months but was impaired by 4 months. By 6 months, LMO4KO mice were overtly hyperglycemic (Fig. 1A ). Although at 2 months the GTT appeared normal, these mice already showed reduced sensitivity to insulin, as determined by an ITT (Fig. 1B) . Moreover, insulin levels were twofold higher in serum of LMO4KO mice compared with littermate WT controls at 2 months of age and were further elevated at 4 months (Fig. 1C) .
Reduced sympathetic outflow to the pancreas and adrenal gland in LMO4KO mice
Insulin secretion from the pancreas is inhibited by stimulating sympathetic innervation to the pancreas (Bloom and Edwards, 1975) and by elevated circulating catecholamines released from the adrenal gland (Frohman and Bernardis, 1971) . Sympathetic outflow to the periphery is activated by hypothalamic neurons in response to leptin signaling (Enriori et al., 2011) . Thus, elevated circulating insulin levels in LMO4KO mice may be a consequence of impaired central leptin signaling and reduced sympathetic tone to the pancreas and the adrenal gland. Indeed, sympathetic outflow to the pancreas and to the adrenal glands measured using the NETO assay was reduced at 2 months of age in LMO4KO mice (Fig. 1D ). Consistent with reduced sympathetic drive, resting blood pressure was significantly lower in LMO4KO mice (Fig. 1E ), although heart rate was not different (control, 645 Ϯ 65 bpm; LMO4KO, 651 Ϯ 33 bpm).
Caloric restriction does not rescue insulin resistance in LMO4KO mice
To determine to what extent impaired glucose homeostasis and insulin sensitivity are a consequence of increased adiposity and feeding or are directly related to impaired central leptin signaling, we undertook a paired-feeding regimen to restrict caloric intake in LMO4KO mice. LMO4KO mice were pair-fed with littermate controls starting at the age of 2 months, because at this age food intake and total body weight are not different between WT and mutant mice . Paired feeding for 2 months not only prevented excess weight gain (Fig.  2A) ; it further normalized fat content (Fig. 2B) . Although paired feeding improved glucose handling at 4 months compared with ad libitum-fed mutant mice (compare Fig. 2C with 1A) , insulin sensitivity remained impaired (Fig. 2D ) and serum insulin levels remained elevated in LMO4KO mice (Fig. 2E) . These results indicate that LMO4 function in the brain is required to maintain peripheral insulin sensitivity.
Impaired central leptin signaling in LMO4KO mice is associated with elevated PTP1B activity in the hypothalamus Previously, we reported that far fewer phospho-STAT3-positive ventromedial hypothalamic neurons could be detected in LMO4KO mice than in littermate controls after intracerebroventricular leptin infusion . To elucidate the mechanism whereby loss of LMO4 impairs leptin signaling, we compared the leptin response of hypothalamic wedges by immunoblot analysis. Leptin caused a progressive activation and phosphorylation of JAK2 and STAT3 in WT mice, but, to our surprise, the opposite effect was observed in LMO4KO mice (Fig. 3A) . The levels of SOCS3 and PTP1B were not elevated in LMO4KO hypothalamic wedges (Fig. 3A) and could not account for the paradoxical reduction in JAK2 and STAT3 phosphorylation in response to leptin signaling. This suggests that leptin signaling normally inactivates an endogenous PTP and that this ligand-dependent mechanism is lost with LMO4 ablation.
PTP1B activity is reversibly inhibited by oxidation (Mahadev et al., 2001; Meng et al., 2002) . Insulin signaling is known to transiently oxidize and inactivate PTP1B to enhance the signaling cascade (Mahadev et al., 2001 ). We asked whether leptin would have a similar effect. Leptin treatment caused a transient increase in oxi-PTP1B (Fig. 3A) that was accompanied by a suppression of PTP1B Paired feeding prevents adiposity and obesity but not insulin resistance in LMO4KO mice. A, Body weights during caloric restriction by paired feeding (n ϭ 12 per group). B, Lean and adipose tissue masses after paired feeding. WAT, Retroperitoneal white adipose tissue; isWAT, intrascapular white adipose tissue; inWAT, inguinal white adipose tissue; G muscle, gastrocnemius muscle. GTT (C), ITT (D), and (E) serum insulin levels were measured after paired feeding (C-E, n ϭ 9 per group). *p Ͻ 0.05.
phosphatase activity in WT hypothalamic wedges (Fig. 3B) . In contrast, leptin did not alter oxi-PTP1B levels (Fig. 3A) or suppress PTP1B phosphatase activity (Fig. 3B) in LMO4KO hypothalamic wedges. PTP1B phosphatase activity remained fourfold higher in LMO4KO hypothalamic wedges compared with WT controls (Fig. 3 B) . Thus, these results indicate that LMO4 is required for leptin-dependent inactivation of PTP1B.
LMO4 interacts with PTP1B and promotes oxi-PTP1B
Immunoprecipitation analysis showed that LMO4 interacts with PTP1B, and this interaction was stronger using a substratetrapping mutant PTP1B (D/A) than for WT PTP1B (Fig. 4A) . The substrate-trapping mutant has markedly diminished catalytic activity but retains substrate-binding ability, allowing the identification of PTP1B-targeted substrates (Flint et al., 1997) . This result suggested that LMO4 might be tyrosine phosphorylated and a substrate of PTP1B phosphatase. Immunoprecipitation of Flag-tagged LMO4 followed by immunoblot analysis using an antibody to phosphotyrosine showed, to our knowledge for the first time, that LMO4 is tyrosine phosphorylated (Fig. 4B) . Pretreating F11 cells with pervanadate, a pan-inhibitor of tyrosine phosphatases, further increased the level of pTyr-LMO4 (Fig. 4B, lane 3) .
Because we found that loss of LMO4 prevents leptin-induced oxidation and transient inhibition of PTP1B (Fig. 3) , we next overexpressed LMO4 and observed increased PTP1B oxidation (Fig. 4C) . Acute exposure to H 2 O 2 further increased PTP1B oxidation (Fig. 4D ), but this increase was blunted with prolonged exposure to higher levels of H 2 O 2 (Fig. 4D) . Similar changes were observed using the cysteinyl-labeling assay (Fig. 4E) , an alternative method to detect PTP1B oxidation (Boivin et al., 2008) . Of note, the NADPH oxidase inhibitor diphenylene iodonium (DPI) prevented PTP1B oxidation (Fig. 4 D, E) . Together, these results suggest that LMO4 stabilizes oxi-PTP1B to inhibit its activity.
LMO4-dependent inhibition of PTP1B is regulated by LMO4 palmitoylation
The inhibitory effect of LMO4 on PTP1B activity appears to be unique to LMO4. Overexpression of the close homolog LMO2 had little effect on PTP1B activity (data not shown). The C-terminal cysteine (C165) is unique to LMO4 . Cysteine residues are targets of posttranslational modifications, such as palmitoylation, a process that affects protein trafficking and interaction with the plasma membrane and ER (Linder and Deschenes, 2007) . Sequence analysis (http://csspalm. biocuckoo.org/) indicated a high probability of C165 being palmitoylated. Using a biotin exchange protocol (Drisdel et al., 2006) , we confirmed that LMO4 is palmitoylated (Fig. 5A) . Furthermore, deletion of C165 (⌬C165) blocked LMO4 palmitoylation (Fig. 5A, compare lanes 1, 2) , indicating that this is the principal residue modified by palmitoylation.
Protein palmitoylation is sensitive to oxidants resulting from metabolic stress; saturated fatty acid, such as palmitic acid, was reported to inhibit palmitoylation, whereas removal of oxidative stress promoted palmitoylation (Burgoyne et al., 2012) . We also found that LMO4 palmitoylation was blocked by culturing neuronal cells in palmitic acid or the inhibitor of palmitoylation 2-bromo-palmitate (Fig. 5A, lanes 4 , 5, respectively) and increased by treating cells with manganese (III) tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP) (Fig. 5A, lane 6) , a reactive oxygen species (ROS) scavenger that accelerates the conversion of superoxide to H 2 O 2 (Kohli et al., 2007) .
Of note, LMO4 palmitoylation was correlated with the level of oxi-PTP1B (Fig. 5A) . Overexpression of the palmitoylationdeficient mutant LMO4⌬C165 failed to increase oxi-PTP1B levels, unlike WT LMO4 (Fig. 5A, compare lanes 1, 2) . Consistent with this observation, overexpression of WT LMO4 dose dependently inhibited PTP1B activity, whereas overexpression of LMO4⌬C165 had no effect (Fig. 5B) . Of note, LMO4 overexpression had no effect on the activity of T-cell protein tyrosine phosphatase (TC-PTP), the nearest homolog of PTP1B (data not shown).
Immunofluorescence analysis confirmed that LMO4 retention in the cytoplasm is sensitive to the redox state of the cell (Fig. 5C ). Palmitic acid treatment reduced the cytoplasmic localization and caused nuclear accumulation of LMO4, whereas the ROS scavenger MnTBAP increased the cytoplasmic retention of LMO4. Importantly, the palmitoylation-deficient mutant LMO4⌬C165 was not retained in the cytoplasm under basal conditions or in the presence of MnTBAP. That the LMO4⌬C165 mutant protein did not colocalize with PTP1B, unlike WT LMO4, is consistent with its inability to inhibit PTP1B activity.
To confirm that LMO4 is present together with PTP1B and oxi-PTP1B in the ER, immunoblot analysis was performed using a purified ER fraction (Fig. 5D ). Flag-tagged WT LMO4 was detected in the ER fraction together with oxi-PTP1B (Fig. 5D, lane  2) , as well as the nuclear fraction (lane 8). In contrast, the LMO4⌬C165 mutant was not detected in the ER fraction (lane 3) but was present in the nuclear fraction (lane 9). Together, these results indicate that LMO4 palmitoylation is sensitive to metabolic stress and is required for LMO4 to inhibit PTP1B activity by maintaining PTP1B in an oxidized inactivated state.
Metabolic stress of HFD reduces LMO4 palmitoylation and increases PTP1B activity HFD impairs leptin and insulin signaling and leads to obesity and diabetes, and blocking hypothalamic PTP1B activity restores leptin and insulin signaling (Picardi et al., 2008) . We explored whether loss of LMO4-dependent inhibition of PTP1B activity might underlie diet-induced leptin and insulin resistance. Indeed, we found that hypothalamic PTP1B activity was increased after 4 h of intracerebroventricular infusion with palmitic acid (Fig. 6A) or after 1 week of HFD (Fig. 6C) . Elevated PTP1B activity was associated with lower levels of oxi-PTP1B and a reduction in LMO4 palmitoylation (Fig. 6 B, D) . Hypothalamic PTP1B levels were not different after these treatments. Acute palmitic acid infusion and short-term HFD had no effect on TC-PTP activity (data not shown).
The PTP1B inhibitor trodusquemine restores leptin-dependent signaling and regulation of circulating insulin levels in LMO4KO mice
To test whether leptin signaling in LMO4-deficient cells could be restored by inhibiting PTP1B activity, F11 cells transfected with LMO4-specific or control scrambled shRNA were treated with the PTP1B inhibitor trodusquemine (Lantz et al., 2010; Krishnan et al., 2011) for 30 min before leptin treatment. Leptin caused an increase in oxi-PTP1B levels in control shRNA-transfected F11 cells (Fig. 7A, compare lanes 1, 2) but not in LMO4 knockdown cells (Fig. 7A, compare lanes 5, 6) . Basal oxi-PTP1B levels were lower in LMO4 knockdown cells (Fig. 7A, compare lanes 1, 5) . Trodusquemine rescued the effect of leptin to increase oxi-PTP1B in LMO4 knockdown cells (Fig. 7A, compare lanes 6, 8) and restored leptin-induced JAK2 phosphorylation (Fig. 7A , compare lanes 6, 8). Trodusquemine had no effect on TC-PTP activity (data not shown), as reported previously (Lantz et al., 2010) .
One week after trodusquemine treatment, PTP1B activity in LMO4KO hypothalamus was lowered to levels observed in saline-treated WT mice (Fig. 7B) . We next tested whether this treatment could also restore the central response to leptin. Leptin infusion significantly lowered serum insulin levels in WT mice, but this leptin response was absent in LMO4KO mice. However, intracerebroventricular infusion of trodusquemine was able to restore the leptin-dependent suppression of serum insulin levels in LMO4KO mice (Fig. 7C) . Of note, a single dose of trodusquemine (30 g/kg) administered intracerebroventricularly did not cause a significant weight loss after 7 d in either the WT or LMO4KO mice (Fig. 7D) , and blood glucose levels were also not different (data not shown). These results indicate that PTP1B inhibition by trodusquemine is sufficient to restore leptin signaling and its control of circulating insulin levels.
Discussion
We have shown, for the first time to our knowledge, that LMO4 is an endogenous inhibitor of the protein tyrosine phosphatase PTP1B in the hypothalamus. Importantly, this inhibition is sensitive to metabolic stress and is blunted by acute exposure to saturated fat or a short-term HFD. Because PTP1B inhibits leptin signaling, loss of LMO4-dependent suppression of PTP1B activity may contribute to diet-induced loss of central leptin signaling, resulting in impaired insulin sensitivity and glucose handling.
Neuron-specific ablation of the insulin receptor has a limited effect on circulating insulin levels and peripheral insulin sensitivity (Brüning et al., 2000) , whereas impaired glucose homeostasis and markedly elevated peripheral insulin levels were observed in mice with neuron-specific ablation of leptin receptor (McMinn et al., 2005) . Because circulating insulin levels were significantly elevated in LMO4KO mice at 2 months of age, before overt weight gain and elevated plasma levels of leptin , we surmised that a central defect in leptin signaling might account for elevated circulating insulin levels. Hypothalamic leptin signaling activates sympathetic outflow (Enriori et al., 2011) , and increased sympathetic outflow suppresses insulin secretion from the pancreas (Frohman and Bernardis, 1971; Bloom and Edwards, 1975) . Sympathetic outflow to the pancreas and adrenal gland, as revealed by the NETO assay, is impaired in LMO4KO mice, suggesting an intrinsic deficit in central leptin- . LMO4 interacts with PTP1B and promotes oxidation of PTP1B. A, GST pull-down showed that GST-PTP1B interacts with Flag-LMO4. B, Immunoprecipitation (IP) with anti-Flag antibody followed by immunoblot (IB) probed with anti-phosphorylated tyrosine antibody showed that LMO4 is tyrosine phosphorylated. C, Overexpression of Flag-LMO4 elevated the levels of oxi-PTP1B (compare lanes 2, 3 with lane 1). D, Brief, but not prolonged, exposure to H 2 O 2 increases oxi-PTP1B levels. Treatment with the NADPH oxidase inhibitor DPI (10 M for 30 min) prevented increased oxi-PTP1B. E, Cysteinyl-labeling assay (Boivin et al., 2008) using biotinylated iodoacetylpolyethyleneoxide to detect the reversibly oxidized cysteine residue after streptavidin Sepharose (Strep-Seph) pull-down (PD) and immunoblot with PTP1B antibody or biotin revealed similar changes in PTP1B oxidation as in D.
dependent control of insulin secretion. Indeed, leptin infusion to the third ventricle over 7 d caused a marked reduction in circulating insulin levels in WT mice, but this response was absent in LMO4KO mice (Fig. 7) . Importantly, the central leptin-induced suppression of circulating insulin levels was fully restored by a single intracerebroventricular dose of trodusquemine, a small-molecule noncompetitive inhibitor of PTP1B (Lantz et al., 2010; Krishnan et al., 2011) .
Trodusquemine is a spermine metabolite of cholesterol isolated from the dogfish shark liver that was identified in the search for naturally occurring antimicrobial compounds. Unexpectedly, trodusquemine suppressed feeding and caused fat-specific weight loss in mice with diet-induced obesity (Ahima et al., 2002; Lantz et al., 2010) , leading to its identification as a noncompetitive inhibitor of PTP1B (but not TC-PTP). Trodusquemine has undergone phase I clinical trials for its anti-obesity effect (Nguyen et al., 2013) . It is important to note that the low dose of trodusquemine administered by intracerebroventricular injection in our study is 1 ⁄10 the dose used in rats that was reported to have a limited transient effect on feeding and no net effect on body weight 7 d after intracerebroventricular administration (Ahima et al., 2002) . The effect of trodusquemine on restoring leptindependent control of circulating insulin levels in LMO4KO mice may result from a central effect on sympathetic outflow to suppress insulin secretion and/or from improved peripheral insulin sensitivity associated with leptin-mediated weight loss. It will be important to elucidate how trodusquemine inhibits PTP1B activity and determine whether other related compounds have similar or better effects (Salmi et al., 2008) . Inhibition of PTP1B activity holds promise for the treatment of obesityassociated diabetes.
Resistance to leptin action in the CNS is a hallmark of HFD-induced obesity and insulin resistance (Schwartz and Porte, 2005) . HFD increases hypothalamic PTP1B and induces leptin resistance through leptindependent and -independent mechanisms (White et al., 2009) . A leptin-independent mechanism involves HFD-induced inflammation and activation of nuclear factor-B signaling (Cai et al., 2005; Zabolotny et al., 2008) , which then upregulates PTP1B (Yu et al., 2013) . Elevated hypothalamic expression of SOCS3 and PTP1B, molecules that terminate leptin signaling, account for impaired central leptin signaling after a chronic HFD (Münzberg et al., 2004; White et al., 2009 ). Mice with neuron-specific ablation of PTP1B have improved peripheral insulin sensitivity, are resistant to diet-induced obesity, and are hypersensitive to leptin (Bence et al., 2006) . However, even acute (30 min) exposure of the hypothalamus to a saturated fatty acid, such as palmitic acid, whose circulating and hypothalamic levels rise rapidly after a single high-fat meal (Posey et al., 2009), atten- Figure 5 . Palmitoylation of LMO4 regulates its subcellular localization and inhibition of PTP1B activity. A, Immunoblot (IB) analysis reveals that LMO4 is palmitoylated (Palm) and correlates with oxi-PTP1B levels. Lane 7 is a negative control that leaves out hydroxylamine (HAM) from the assay. Palmitic acid (PA; 400 M), 2-bromo-hexadecanoic acid (2-Br; 50 M), and MnTBAP (10 M) were applied to cells for6h.B,PTP1BactivityissuppressedbyoverexpressionofWTbutnotmutant(⌬C165)LMO4.*pϽ0.05comparedwithbaseline;**pϽ 0.05comparedwiththepreviousvalue.nϭ6pergroup.C,PalmitoylationcontrolscytoplasmicretentionofLMO4.YFP-taggedPTP1Bwas present in the cytoplasm at the ER. The palmitoylation-defective mutant LMO4⌬C165 was detected in the nucleus even in the presence of MnTBAP. Colocalization of LMO4 (red) with PTP1B (green) appears yellow. Nuclei are revealed by DAPI staining (blue). Scale bars, 15 m. D, Immunoblot analysis confirmed the presence of Flag-LMO4 and PTP1B in the ER. Calnexin is an ER marker, and emerin is a nucleusenriched marker. Flag-LMO4⌬C165 was not retained in the ER fraction but was present in the nuclear fraction. IP, Immunoprecipitation.
uates leptin-induced STAT3 phosphorylation and suppression of feeding (Kleinridders et al., 2009 ). This rapid effect of palmitic acid is unlikely to occur through altered expression of SOCS3 or PTP1B.
PTP1B activity is dynamically regulated (inhibited) through oxidation of a cysteine residue in the catalytic domain, a reversible process controlled by several signals (Lee et al., 1998; Gross et al., 1999; Mahadev et al., 2001 ). For example, insulin signaling causes a rapid increase in hydrogen peroxide that transiently oxidizes and inhibits PTP1B to sustain insulin signaling (Mahadev et al., 2001) . Similarly, our study showed that leptin signaling also suppresses PTP1B activity by increasing the inactive form of PTP1B, oxi-PTP1B (Fig. 3) . Importantly, this acute effect of leptin was absent in LMO4KO hypothalamic wedges. Neuron-specific ablation of LMO4 was associated with a fourfold elevated PTP1B activity with no change in PTP1B protein levels (Fig. 3) , whereas LMO4 overexpression dose dependently inhibited PTP1B activity (Fig. 5) . Moreover, we found that LMO4 is tyrosine phosphorylated and is a likely substrate of PTP1B because LMO4 was pulled down together with a GSTtagged substrate-trapping mutant of PTP1B. It remains to be determined which tyrosine residue in LMO4 is phosphorylated and whether tyrosine phosphorylation of LMO4 is required for its interaction and inhibition of PTP1B.
How LMO4 inhibits PTP1B activity remains to be elucidated. One possibility is that LMO4 stabilizes oxi-PTP1B. Indeed, lower oxi-PTP1B levels were observed in neuronal cells after knockdown of LMO4, whereas increased oxi-PTP1B levels were observed with overexpression of LMO4 (Figs. 4-6 ). LMO4 carries four cysteine-rich zinc fingers in its two LIM domains , and zinc finger proteins are known to be highly susceptible to oxidation at cysteine residues (Webster et al., 2001) . Whether transient ROS production during leptin or insulin signaling could oxidize cysteines of the zinc fingers and cause stabilization of the PTP1B/LMO4 complex awaits additional studies.
LMO4 was initially identified as a nuclear cofactor interacting with many transcriptional factors to regulate gene expression (Sugihara et al., 1998; Visvader et al., 2001; Aizawa et al., 2004; Song et al., 2009; Duquette et al., 2010) . Later studies reported that LMO4 is also present in the cytoplasm and interacts with membrane-bound receptors and kinases to regulate cellular functions in response to extracellular signals (Novotny-Diermayr et al., 2005; Bong et al., 2007; Chen et al., 2007b; Schaffar et al., 2008; Schock et al., 2008; Zhou et al., 2012) . Our previous studies showed that subcellular localization and cytoplasmic/nuclear shuttling of LMO4 is dynamically regulated by stresses and extracellular signals (Chen et al., 2007b) . Here, we identified that palmitoylation targets LMO4 to cell membranes (e.g., membranes of the ER and plasma membrane), providing a mechanism whereby LMO4 participates in signaling at the plasma membrane (Novotny-Diermayr et al., 2005; Chen et al., 2007b; . Moreover, palmitoylation of LMO4 is also dynamically regulated, and this process is required to actively keep LMO4 at the ER. Deletion of the C-terminal cysteine of LMO4 (LMO4⌬165) prevents its palmitoylation and retention in the ER (Fig. 5) . PTP1B is predominantly localized at the ER (Frangioni et al., 1992) , and preventing LMO4 retention at the ER would also prevent LMO4 from interacting with and stabilizing oxi-PTP1B. We found that reduced LMO4 palmitoylation was accompanied with lowered oxi-PTP1B levels and elevated PTP1B activity after acute exposure of the hypothalamus to the saturated fatty acid palmitic acid or to a short-term HFD (Fig. 6) . These findings could account for the previously reported rapid reduction of leptin signaling in the Figure 6 . LMO4 palmitoylation (Palm) and inhibition of PTP1B activity are sensitive to saturated fatty acid. Hypothalamic PTP1B activity was increased 4 h after intracerebroventricular infusion of palmitic acid (A) (PA; 1 l of 500 nM) or 7 d after an HFD (C). Immunoblot analyses showed that LMO4 palmitoylation and oxi-PTP1B levels were reduced by PA (B) or HFD (D). *p Ͻ 0.05; n ϭ 5-6 mice per group, aged 6 -8 weeks. hypothalamus observed 30 min after palmitic acid treatment (Kleinridders et al., 2009 ). To our knowledge, ours is the first study to link reduced oxi-PTP1B levels in the hypothalamus with acute exposure to palmitic acid or to a short-term exposure to HFD. These treatments also reduced palmitoylation of LMO4. Protein palmitoylation is inhibited by excessive ROS production caused by palmitic acid treatment (Burgoyne et al., 2012) . Conversely, the ROS scavenger MnTBAP promoted LMO4 palmitoylation and cytoplasmic retention and increased oxi-PTP1B levels (Fig. 5) . Unlike DPI that blocks superoxide production by NADPH oxidase and prevents PTP1B oxidation, MnTBAP promotes H 2 O 2 production from superoxide, and this likely contributes to increased oxi-PTP1B. We reported that LMO4 has a half-life of 45 min (Chen et al., 2007b) . Thus, given its short half-life, LMO4 could rapidly and dynamically regulate PTP1B activity in response to numerous stresses.
Previously, we observed that purinergic receptor activation by elevated extracellular ATP caused increased nuclear translocation of LMO4 (Chen et al., 2007a) . Because purinergic signaling increases ROS production (Kawamura et al., 2012; Wang and Sluyter, 2013) , this is likely to reduce LMO4 palmitoylation and ER retention. Of note, glial cells called tanycytes that line the third ventricle and secrete ATP in response to elevated extracellular glucose (Frayling et al., 2011) . Thus, under conditions of chronic hyperglycemia, activation of purinergic receptors on nearby hypothalamic neurons may contribute to leptin resistance by increasing PTP1B activity through loss of LMO4 ER retention and LMO4-dependent inhibition. Future studies would be required to examine whether this does take place in vivo.
